DISCUSSION ON PHYSIOLOGICAL FACTORS INFLUENCING THE ACTION OF INSULIN
Dr. H. P. Himsworth: The dietetic factor.-The revolution in the treatment of diabetes mellitus that occurred as a result of the introduction of insulin was emphatically a revolution in the change that it wrought in the clinical course of the disease, but it was not a revolution in the sense of altering our ideas of diabetes. The possible existence of insulin had been foreseen and when it became available its effects were found to be in accord with theoretical expectations founded on the current conceptions of the pathology of the disease. The factor whose absence in diabetes reduced the ability of the patient to dispose of carbohydrate had been found, and it was assumed that administration of this factor in increasing amounts would proportionately increase the patient's capacity to deal with ingested carbohydrate. But shortly after the introduction of this new remedy a second't revolution occurred which was revolutionary in a rimore complete sense of the word. I refer to the introduction into diabetic therapeutics of high carbohydrate diets. The results of this dietetic measure were not only unexpected from a clinical point of view, but they were entirely out of agreement with our previous conceptions of the disease. The success of the new measure was undeniable, and it speedily became obvious that if our understanding of the disease were to be aligned with our practical experience, some explanation must be found for the clinical paradox that if a diabetic were balanced on a low carbohydrate diet and insulin, then the giving of an equicaloric diet containing treble or quadruple the previous amount of carbohydrate resulted in many cases in no disturbance of the "balance " or increase in insulin requirements.
It was with the object of searching for the explanation of this paradox that the following work was undertaken. The answers to two questions were sought:
(1) Why did the giving of more carbohydrate result in an apparent improvement in the tolerance of patients for carbohydrate ? (2) Why did the same measure result in an apparent increase in the ability of the injected insulin to dispose of carbohydrate?
Before investigating these questions in diabetic patients a search was made for observations regarding the effect of diet on the sugar tolerance and on the action of insulin in normal individuals, and relevant evidence was found to be available.
That the sugar tolerance of healthy men was lowered by starvation was noted by Claude Bernard (1877), but his observation did not excite sufficient interest to stimulate further investigation, although from time to time occasional references were made to this phenomenon in the literature. In 1926, however, Adlersberg and Porges reported that a carbohydrate poor diet decreased the sugar tolerance of healthy men, whilst a carbohydrate rich diet increased it, and in the following year Sweeney (1927) showed that starvation and fat diets impair, protein diets do not influence, whilst carbohydrate diets improve the normal sugar tolerance curve. It is noteworthy that in both these latter papers a connexion was suggested between the beneficial effect of carbohydrate rich diets on the sugar tolerance and the progressive improvement shown by successive blood-sugar curves resulting from periodic doses of glucose. This phenomenon originally described by Hamman and Hirschman (1919) is now usually referred to as the Staub-Traugott effect. Little information was available regarding the effect of variations in diet upon insulin action. Abderhalden and Wertheimer (1924) and Bainbridge (1925) reported that animals were more sensitive to insulin when receiving a starchy diet than wlhen they were receiving a fatty diet or were starving; Tiitso demonstrated that the blood-sugar fell more slowly in starving animals after injection of insulin than in those allowed unrestricted food, and more recently Hynd and Rotter (1931) showed that after insulin animals receiving a carbohydrate diet convulse earlier than those receiving a fatty diet. These recorded observations suggested to me that a correlation probably existed between the effect of diet on the sugar tolerance and its effect upon the efficiency with which insulin acted in healthy men, and experiments were carried out to investigate this suggestion.
Healthy young men were admitted to the hospital ward and given a low carbohydrate-high fat diet. After one week of this regime their sugar tolerance was found by carrying out a blood-sugar tolerance curve after 50 grammes of glucose by mouth; and the efficiency with which they reacted to insulin was tested by noting -the speed with which a standard dose of insulin depressed the blood-sugar in the fasting state. They were then given an equicaloric high carbohydrate low fat diet and the glucose tolerance and insulin depression tests performed again. It was found that the low carbohydrate--high fat diet which impaired sugar tolerance also decreased the rate at which a standard dose of inisulin depressed the blood-sugar, i.e. impaired the sensitivity to insulin, whilst the high carbohydrate-low fat diet improved the sugar tolerance and increased the sensitivity to insulin (Himsworth, 1932 (Himsworth, , 1933 (Himsworth, , 1934b . This result was confirmed upon animals (Himsworth, 1934a) .
It was further shown that both in animals and men the improvement in sugar -tolerance resulting from periodic doses of glucose-thie Staub-Traugott effect was associated with a corresponding improvement in sensitivity to insulin. The general conclusion was thus reached that those dietetic factors which improve sugar tolerance also increase the sensitivity to insulin, whilst those factors which impair sugar tolerance co-incidentally decrease the sensitivity to insulin. The next step in the inquiry was to decide what factor was responsible for this effect. It was necessary first to examine certain factors which might influence glucose tolerance indirectly through the agency of the diet.
The first of these factors was that of change in the reaction of the blood. Haldane, Wigglesworth, and Woodrow (1924) showed that, in healthy men, rapid and temporary changes in tissue reaction either to the alkaline or acid side influenced sugar tolerance adversely. Du Vigneaud and Karr (1925) claimed that, in rabbits, administration of alkali neutralized the adverse effect of fat diets and starvation upon the sugar tolerance. It appeared possible, therefore, that the decrease in sugar tolerance and insulin sensitivity found after a change from a high carbohydratelow fat diet to a low carbohydrate high fat diet might be due to the induction of a change in the reaction of the blood to the acid side. On investigating this point I found (Himsworth, 1934c) that the pH of the blood remained the same whether a healthy subject was taking a high carbohydrate-low fat diet or a low carbohydratehigh fat diet; that wlhen the subject was taking the high fat diet the production of a compensated alkalosis for ten days produced no improvement in sugar tolerance or insulin sensitivity, and that when the subject was taking the high carbohydrate diet the production, for the same length of time, of a compensated acidosis, did not impair glucose tolerance and insulin sensitivity. Thus change in sugar tolerance and insulin sensitivity was not due to change in the reaction of the tissues.
The next factor was that of ketosis. Graham and his co-workers (1932) suggested that the beneficial effects of high carbohydrate diets in diabetes mellitus might be due to the effect of these diets in reducing the amounts of ketone bodies produced in the course of metabolism. On investigation it was found that the presence or absence of a ketosis had no influence upon glucose tolerance or insulin sensitivity (Himsworth, 1934c) . Thirdly, Heller (1929 , 1935 reported and Laughton and Macallum (1932) confirmed the presence in the duodenum of a factor which it is suggested is liberated by ingestion of food and, circulating in the blood-stream, stimulates the secretion of insulin. Evidence against this factor--duodenin-being responsible for the improve-Proceedings of the Royal Society of Medi.ctne ment in sugar tolerance and insulin sensitivity was provided by the observation that these changes could be produced by intravenous injection of glucose.
The question now arose as to which dietetic component was responsible for the change in glucose tolerance and sensitivity to insulin consequent upon change in composition of the diet. Five possibilities presented themselves. The effective component might be change in the calory value of the diet, or change in the amount of fat, or protein or carbohydrate in the diet, or change in the ketogenic-antiketogenic ratio of the diet.
Healthy young men were admitted to the hospital wards and received the various diets under strictly controlled conditions. Glucose tolerance and insulin depression curves were carried out at the end of each period on a particular diet. Comparison of the different glucose tolerance and insulin depression curves was made by the method of areas which I have shown is extremely accurate (Himsworth 1935) . A group of these normal subjects were given a series of diets in which the caloric value and protein content remained constant but in which, in successive diets, the carbohydrate content increased by equal increments, and the fat content decreased by corresponding equicaloric decrements. On passing progressively through the series from the low carbohydrate-high fat to the high carbohydrate-low fat diet, the characteristic change in sugar tolerance and insulin sensitivity occurred. The responsible dietetic factor cannot, therefore, be change in the protein content or in the calory value of the diet. On another series of normals it was demonstrated by appropriate variations in diet that the ketogenic-antiketogenic ratio was not the responsible dietetic factor, and in another series of experiments that it was not the change in the fat content of the diet. Finally it was shown that if the carbohydrate content of the diet was kept constant, other components of the diet might be changed without altering either the glucose tolerance or the insulin sensitivity. It was thus. proved that neither the calory value nor the ketogenic-antiketogenic ratio, nor the protein content, nor the fat content of the diet influenced glucose tolerance or sensitivity to insulin; but that the sole dietetic factor influencing these tests was the absolute amount of carbohydrate in the diet (Himsworth, 1935) .
The quantitative nature of these experiments permit the construction of curves which express the relationship of variation in the carbohydrate content of the diet to change either of glucose tolerance or of insulin sensitivity. I have called these the " determination curve of glucose tolerance" and the " determination curve of insulin sensitivity," respectively, and it is found that one curve expresses the relationship for all normal subjects. When the change in sugar tolerance or insulin sensitivity resulting from a single alteration in the carbohydrate content of the diet is known, the sugar tolerance or insulin sensitivity corresponding to any other alteration in dietary carbohydrate can be calculated, and such calculations agree very closely with those obtained by actual measurement. Now the " determination curve of glucose tolerance " and the " determination' curve of insulin sensitivity " are exactly the same in shape. Obviously a relation-ship exists between them. This relationship is revealed when the change in glucose tolerance and the change in insulin sensitivity produced by the same alteration in dietary carbohydrate are plotted against each other. The relationship is shown by a straight line inclined at 450 to the horizontal. This can have only one meaning.
The change in glucose tolerance consequent upon variation in the carbohydrate content of the diet is completely accounted for by change in the sensitivity of the subject to the insulin secreted by his own pancreas.
We thus arrive at the conclusion that the efficiency with which both the injected' insulin and the insulin secreted by the pancreas act in the body is determined by the sensitivity of the body to insulin, and this sensitivity is controlled by tbe carbohydrate content of the diet. The bearing of these results upon the beneficial effects of high carbohydrate diets.
on ordinary diabetics and upon the success of the method of treating comatose diabetics with large doses of glucose, is evident. In either case the administration of carbohydrate increases the sensitivity of the body to insulin and thus increases the efficiency of each unit available, whether this is derived naturally from the patient's pancreas, or artificially from injection. Direct clinical evidence in support of this conclusion is provided by the work of Ellis (1934) . Now, when it was realized that the efficiency with which insulin acted in -the body was determined by this state of insulin sensitivity it became evident that a type of diabetes mellitus might exist which was due, not to lack of insulin, but to insensitivity of the body to insulin. Attempts were accordingly made to differentiate such cases (Himsworth, 1936) . The test used for this purpose was founded on the observation, previously made on animals (Himsworth, 1934a) that the degree to which insulin suppressed the hyperglyeaemia following administration of glucose was proportional to the sensitivity of the animal to insulin.
The diabetic cases investigated were all balanced satisfactorily. Their sugar tolerance curve after oral glucose was first determined and then the blood-sugar curve following the same dose of glucose when given along with an intravenous injection of insulin. Two types of diabetics were distinguished by this test. In one, which I have called the insulin-sensitive type, there was a marked difference between the curve after glucose alone and the curve after simultaneous glucose and insulin. In these cases the injected insulin manifested its effect immediately by suppressing the hyperglyeamia. In the otber type, which I have called the insulininsensitive type, there was little difference between the two curves; the blood-sugar rose immediately and rapidly, whether insulin was injected or not. The reaction of the insulin-sensitive diabetic to glucose and insulin is similar to that of a healthy s'ubject, but that of the insulin-insensitive type is abnormal.
The next stage in the inquiry was, therefore, to decide why insulin action was impaired in the insulin-insensitive diabetic.
Broadly speaking, the abnormal blood-sugar curve after glucose and insulin may be explained in one of two ways. It may result from derangement of liver function, either limitation of storage capacity or excessive secretion of sugar into the blood, or it may result from impairment of the peripheral action of insulin in transferring sugar from the blood to the tissues. Now after administration of glucose to a normal subject as the blood-sugar rises the difference between the sugar content of capillary blood and venous blood (A-V difference) increases moderately, showing that sugar is being removed -from the blood by the peripheral tissues. If, however, insulin is given simultaneously with the glucose the increase in A-V difference is enormous. It is possible, therefore, by making simultaneous measurements of capillary and of venous blood-first after glucose alone and secondly after simultaneous glucose and insulin-to decide whether the impairment of function seen in the insulin-insensitive diabetics is localized in the liver or in the periphery.
Capillary-venous blood-sugar curves of this type were carried out on both insulinsensitive and insulin-insensitive diabetics, and the results showed that, in the insulin-sensitive diabetics, insulin acted in a normal manner in the periphery whilst in the insulin-insensitive diabetics the characteristic action of insulin in promoting the removal of sugar fromn the blood to the peripheral tissues was impaired. It is thus clear that we have one type of diabetics who react normally to insulin, and another type whose reaction is impaired. It will be seen that if the insulin-sensitive diabetic receives an adequate supply of insulin his derangement of carbohydrate metabolism will be corrected, but that the insulin-insensitive diabetic, even if he receives a normal supply of insulin, will react but slightly to this insulin and will manifest the signs of hypo-insulinism, i.e. diabetes mellitus. I, therefore, suggest that the disease in the insulin-sensitive diabetic is due to lack of insulin, whilst in the insulin-insensitive diabetic it is due, not to lack of insulin, but to insensitivity of the body to insulin [Himsworth, 1936] .
It is of interest now to inquire whether the phenomenon of insulin insensitivity is due to impairment of that same mechanism which in normal subjects produces, in response to variations of diet, changes in sensitivity to insulin. Now in insulininsensitive diabetics the impairment of insulin function is in the peripheral tissues; whilst in insulin-sensitive diabetics insulin action is not impaired peripherally. In normal animals removal of the liver does not abolish a previously induced sensitivity to insulin (Himsworth, unpublished work). The mechanism which is responsible for insensitivity in diabetics, therefore, acts peripherally, whilst in normal animals insulin sensitivity is a phenomenon occurring in the peripheral tissues. Further, sensitivity to insulin is produced by increase of carbohydrate in the diet; insulinsensitive patients, once they have been balanced on a low carbohydrate diet, tolerate large increases in dietary carbohydrate without requiring increase in insulin dosage, but insulin-insensitive patients show glycosuria after only slight increases of the carbohydrate content of the diet. The insulin-sensitive diabetic thus apparently reacts like the normal subject by becoming more sensitive to insulin as the dietary carbohydrate increases, whilst giving more carbohydrate to the insulin-insensitive *does not evoke this reaction. There is, therefore, considerable evidence for believing that insulin insensitivity in diabetics is due to the absence or limitation of the normal mechanism which produces insulin sensitivity.
As to the nature of the insulin sensitivity mechanism there is as yet no certain ,evidence. It is important to remember that this mechanism acts peripherally and -that, therefore, any explanation is necessarily incorrect which involves variations of sugar secretion by the liver, such as would be brought about by excessive secretion -of adrenalin or of the "diabetogenic" hormone of the anterior pituitary gland.
When I first elicited evidence that variations in insulin sensitivity were due to variations in the peripheral action of insulin, the simplest way of expressing the pbenomenon appeared to be in terms of variations either of a peripheral inhibitor, or of a substance of the nature of an activator which acted in a complementary manner to insulin. Of these two possibilities that of an activator appealed to me the more strongly, but in view of the results of Mr. H. P. Marks' investigations, indicating that a substance derived from the anterior pituitary may influence the peripheral action of insulin, it may be that the variation is due to an inhibitor.
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Mr. H. P. Marks: The pituitary factor.-The changes which follow administration of insulin may conveniently be considered under two headings: (1) The primary lowering of the blood-sugar level, and (2) the restoration of the depressed blood-sugar to the original level.
We will first consider the primary action of insulin, which has been studied in its uncomplicated form in the spinal eviscerated cat [1]. This preparation consists essentially of a live animal with brain destroyed, in which the liver and intestines have been removed from the circulation. As soon as the operation has been completed, it is found that the blood-sugar begins to fall spontaneously, and that it is necessary to infuse a solution of glucose at a suitable rate, in order to maintain the blood-sugar at a steady level. Now this in itself is an observation of some importance, for it implies that the liver is the essential source of carbohydrate in the body. When now insulin is injected into such a preparation wvith artificiallymaintained blood-sugar, the blood-sugar level immediately begins to fall, and the extra sugar which disappears can be quantitatively accounted for, mainly as glycogen stored in the -muscles, and partly also by increased combustion. Such is the primary or peripheral action of insulin in the absence of the liver.
To determine whether insulin exerts a similar action on the liver, numerous experiments have been carried out by perfusing the isolated organ, but they liave never conclusively demonstrated a storage of liver glycogen.
Turning now to the intact, fasting animal, administration of insulin produces a fall in the blood-sugar, just as in the eviscerated preparation. When, however, the blood-sugar has fallen to a certain, fairly well-defined level, the recovery phase sets in, and the blood-sugar returns to its initial level. This restoration of the blood-sugar is commonly attributed to a conversion of liver glycogen into glucose, in response to adrenaline secreted by the adrenal medulla. There is ample evidence that such a secretion of adrenaline occurs [2] .
Further proof of the role of adrenaline in this recovery phase is afforded by the observation [31 that, in animals from which the adrenal medulla has been extirpated, the recovery phase is either completely absent, or is much delayed, so that the blood-sugar continues to fall until it reaches the convulsive level. The importance of adrenal function is therefore obvious, but this will be considered by another contributor to this discussion.
We will now consider the pituitary gland as it affects insulin action. I will not cite the extensive literature dealing with the anomalous action of insulin in certain pituitary disorders, but will proceed straight to observations on experimental animals.
When a small dose of insulin, such as would normally produce a reaction of the type shown by the continuous curve in fig. 1 is administered to a hypophysectomized rabbit, the blood-sugar initially falls in the normal manner, but the recovery phase is entirely absent, so that the blood-sugar continues to fall (as shown by the interrupted curve) until the animal dies in convulsions, unless glucose is promptly administered. We might at first sight be tempted to attribute this breakdown of the recovery mechanism either to a lack of available liver glycogen, or to the absence of adrenaline to mobilize it. Actually neither of these explanations will suffice, for the effect is observed even when adequate supplies of liver glycogen are available, while, on the other hand, the compensatory secretion of adrenaline is found to take place at the appropriate moment, just as it does in the normal animal [4] . Furthermore, the hyperglycmemic response to injected adrenaline is found to be impaired, in the absence of the pituitary gland.
Hence we are forced to the conclusion that, in the absence of the pituitary gland, the glycogen reserves of the liver are rendered resistant to the mobilizing action of adrenaline. This conception is supported by some experiments on the perfused livers of hypophysectomized frogs [51 which were found to convert their glycogen into sugar much less readily than normal, both spontaneously and under the action of adrenaline.
The converse effect of an abnormally high response to adrenaline, coupled with an exaggerated recovery phase after injection of insulin, has been observed in the condition of pituitary excess induced by repeated daily injections of a suitable extract of anterior lobe of the pituitary gland. It should be mentioned here that the anterior lobe of the pituitary seems to be primarily responsible for the effects observed. The two upper curves in fig. 2 illustrate the exaggerated recovery seen in pituitary excess, as compared with the normal type of recovery. Actually, although this response is typical of that produced by repeated injections of extract, it is, in this instance, the result of only one injection, given three hours previously.
It is clear then that the functional state of the pituitary gland, by its influence on the blood-sugar-stabilizing mechanism of the liver, is of fundamental importance in determining the way in which an individual will respond to an injection of insulin.
But, quite apart from any action on the liver, it seems that the pituitary may influence also the primary hypoglycemic action of insulin. Quite early in this work with anterior pituitary extracts, isolated cases were encountered in which the action of insulin seemed to have been abolished altogether [4] . At first it was thought that the recovery phase had intervened so promptly that the initial fall in blood-sugar had been missed, but a subsequent, more careful study of the bloodsugar curve (with samples taken at five and ten-minute intervals), has given no indication of such a fall. In the two examples shown in the lower part of fig. 2 , the insulin was given five hours after a subcutaneous injection of an extract equivalent to 5 grm. of fresh tissue. In neither case does the extract of itself produce any substantial alteration of the blood-sugar level. As regards the primary effect of insulin, this seems to have been completely abolished in the one case, while in the other case its onset was delayed by about half an hour.
It is interesting to consider this latter insulin response in relation to the response given by the normal and the hypophysectomized animal respectively. If we study fig. 1 more closely, we see in the normal animal some evidence of an initial rise in blood-sugar, or at any rate of a latent period, which is somewhat less marked in the absence of the pituitary gland. In the case of pituitary excess which we have just been considering, the latent period is extended to half an hour. It seems to me that these insulin responses bear a striking resemblance to those observed by Dr. Himsworth on diets containing various amounts of carbohydrates. If, as we have good reason to believe, the anterior lobe of the pituitary is particularly concerned in the production of carbohydrate from protein or fat, we may expect it to be most active when the diet is poor in carbohydrate, since the greatest demands will then be made upon it. It is not surprising, therefore, that the insulin response on this diet bears a resemblance to that seen in pituitary excess. Conversely, on a diet rich in carbohydrate, the pituitary is probably in a resting condition, so that the insulin response resembles that seen in pituitary deficiency.
Whatever the significance of this type of response, it is evidently quite different from the exaggerated recovery illustrated in the upper curves of fig Support for the view that we are really concerned with an inhibition of the primary effect of insulin, is afforded by some experiments on eviscerated cats, now in progress. I have, in fact, observed a considerably diminished effect of insulin, both in lowering the blood-sugar and depositing muscle glycogen, in eviscerated, spinal cats previously treated with pituitary extract.
In conclusion, a few words should be said about the relation of the pituitary body to the other endocrine glands. The thyrotropic function of the anterior lobe is now well established, and no doubt in many cases the pituitary gland plays an important role in determining the functional state of the thyroid gland. However, the effects on insulin response which I have already discussed do not arise out of an effect upon the thyroid glnd, for they are observed equally well in the absence of the thyroid gland. Further, although the actions of the two glands have much in common, pituitary deficiency cannot be compensated by artificially induced thyroid excess. It has been claimed also that the pituitary body exerts a similar controlling influence over the growth and function of the pancreas and the adrenal cortex.
To summarize: It seems that the anterior lobe of the pituitary may affect insulin response in two distinct ways. Firstly, it may accelerate recovery from insulin hypoglycawmia by facilitating the mobilization of liver glycogen, and secondly, it may exert a direct inhibitory effect upon the primary hypoglyceamic action of insulin. It is also probable that insulin response is affected indirectly by action on the other endocrine glands concerned.
Dr. Levy Simpson: The adrenal factor.-Said that in any discussion on carbolhydrate metabolism it was important to appreciate the fundamental cycle: Liver glycogen -* blood glucose -*-muscle glycogen -* blood lactic acid ->-liver glycogen.
Apart from an acceleration of oxidation of the glucose molecule, insulin retarded hepatic glycogenolysis, and assisted the synthesis of muscle glycogen from blood glucose, all these factors helping to reduce the sugar content of the blood. Adrenaline, on the other hand, accelerated glycogenolysis, both in liver and muscle, thus increasing the blood-sugar and the blood lactic acid respectively. Lactic acid was the end-product of muscle carbohydrate metabolism (Fletcher and Hopkins) and if the liver was cut out of the circulation adrenaline produced a decrease in muscle glycogen, and an increase in blood lactic acid, but no increase in blood glucose; thus muscle glycogen could not be converted into glucose without the intermediate formation of liver glycogen fromi lactic acid. AIuscle glycogen was constantly decreased after adrenaline, but liver glycogen was initially decreased, and later increased, the latter being due to the preponderance of the process: muscle glycogen lactic acid > liver glycogen.
Adrenaline also raised the respiratory quotient and the basal metabolism, not by direct action on the glucose molecule, but as a result of producing a high concentration of glucose for combustion. Insulin increased the glycogen content of muscle, and that of liver in young fasting rabbits (Goldblatt) . Under other conditions insulin might produce a paradoxical decrease of liver glycogen but if the liver was perfused the amount of glucose obtained was much less when insulin was previously given, and much greater if the animal was depancreatized (or if adrenaline was given), thus showing the inhibitory action of insulin on hepatic glycogenolysis. After adrenalectomy the liver and muscle glycogen both decreased, the blood-sugar fell (rats) and the lactic acid increased, but extract of the suprarenal cortex abolished these changes (Britton and Silvette) . It might be that normally cortical extract was responsible for the change of lactic acid into liver glycogen, thus completing the circle (vide sutpra), there being no evidence that either adrenaline or insulin directly influenced this link. Britton and Silvette had found that in the normal young rats cortical extract increased liver and mnuscle glycogen and raised bloodsugar. Levy Simpson had found no influence of cortical extract on the blood-sugar of normal men, or in diabetes mellitus or Addison's disease when observations were made for four hours after the intravenous injection of 20 c.c.; nor did it influence hypoglycemic convulsions after insulin. The action of cortin, therefore, except in small, young animals, was not a rapid one on the blood-sugar, but a more gradual process favouring the synthesis of muscle and liver glycogen. In adrenalectomized dogs glucose perfusion did not appreciably increase muscle glycogen unless cortin was added: it was of interest that insulin in this experiment appeared to act sinmilarly to cortin in aiding glycogen storage (Foglia and others) .
Pancreatectomy resulted in a diminution of liver glycogen and, to a less extent, of mnuscle glycogen with a rise in blood-sugar. If this operation was followed by adrenalectomy the blood-suigar might be lowered but the liver and muscle glycogen was still further depleted, showing that the apparent compensation was only superficial. Adrenaline and insulin both produced an increase in muscle hexosephosphate and a decrease in the inorganic phosphorus of the blood and the urine. The insulin action, however, did not occur if glucose was given at the same time, or if the animal was adrenalectomized, showing that the increase of hexose-phosphate, was really due to the liberation of adrenaline in the hypoglyceemic phase.
That adrenaline is secreted during insulin hypoglyceemia had been proved in animals in several ways: (1) Recovery from insulin hypoglycarniia was delayed or prevented by ergotamine or after adrenalectomy or after removal of the adrenal rnedulla; (2) acceleration of the denervated heart, or dilatation of the denervated iris; (3) after subconvulsive doses of insulin the adrenal gland weighed more and contained more adrenaline whereas after convulsive doses of insulin the adrenaline content was very low (Gohan); (4) Houssay's cross-circulation experiments.
In man, however, proof had not been readily forthcoming. Freeman, Smithwick, and White showed that a denervated foot (unilateral section of the lumbar sympathetic) was supersensitive to adrenaline, the injection of which produced vasoconstriction and a fall of surface temperature in the denervated foot, but not in the other. This also occurred with a large dose of insulin, suggesting that adrenaline was secreted in the hypoglytearnic phase. Levy Simpson approached the problem from another angle. Lt had been known for some time, althouglh not generally appreciated by clinicians, that an injection of adrenaline would produce an increase in the erythrocytes, leucocytes, and platelets of the blood, with a relative increase in the percentage of polymorphonuclear leucocytes, a relative decrease in the lymphocytes, and a significant decrease in the relative percentage of eosinophile cells. He therefore investigated the changes in the blood-cells during insulin hypoglyceamia.
The subject was a healthy male, aged 35, and 14 units of insulin were given bv intramuscular injection after a twelve hours' fast. The results are given in the ccomlpanying Hypoglycemic symptoms commenced at 10.30 and ceased at 1.30.
injection, and persisted for about three hours; they consisted of sweating, tremors of the hand, a rolling of the stomach, and a sense of apprehension. The blood-sugar (Hagedorn-Jensen method) fell 35 mgm. per cent. in the first one and a half hours, and then gradually rose, but did not attain its pre-operative value until four and a half hours after the initial injection. The number of erythrocytes increased from 4,700,000 to 5,450,000, the htemoglobin from 92 to 102 per cent., the leucocytes from 7,200 to 23,800, the platelets from 310,200 to 803,600. All these changes were similar to those obtained with 1 c.c. of 1: 1,000 adrenaline (Benhamou and others) or with ephedrine (Levy Simpson and Cadness); the resemblance was not only numerical, but in the characteristic order of the effects, the maximum erythrocyte increase preceding that of the leucocytes and platelets. Further points of similarity were the initial transient fall in the relative percentage of polymorphonuclear leucocytes and the ultimate rise well above normal, and the considerable diminution in the relative percentage of eosinophile cells, which in the allergic individual coincided with the temporary disappearance of the allergic state after adrenaline.
The changes observed could not be interpreted in any way other than as due to a release of adrenaline during the hypoglyctmic state. Since the changes in bloodcells following an injection of adrenaline were usually transient, the prolonged effect in this experiment must mean that adrenaline was being secreted over a period of hours, and suggested that the latter values of blood-sugar, although approximating to normal, represented a balance between the action of exogenous insulin and that of endogenous adrenaline. There was every reason to believe that the normal level of blood-sugar represented a balance between the antagonistic actions of endogenous insulin and endogenous adrenaline. Cori and Cori had shown that the adrenaline effects on carbohydrate metabolism could all be obtained if adrenaline was injected intravenously at a rate and concentration no greater than that at which it was found to be secreted by the adrenal gland in an anwsthetized animal; and further, that an increase of blood-sugar was obtained by doses of adrenaline which were too small to affect blood-pressure and pulse-rate. A therapeutic point arose from this demonstration of the secretion of adrenaline during insulin hypoglyvaemia in man, namely, since many of the symptoms of hypoglycemic shock were the probable results of a natural compensatory hyperadrenalism, was not the injection of adrenaline in such a condition illogical, and would it not be more suitable to inject pitressin subcutaneously, or glucose intravenously ?
Dr. M. W. Goldblatt: The thyroid factor.--Clinically there has long been evidence of the involvement of the thyroid gland in carbohydrate metabolism. Expressed in general terms, the consensus of opinion would be that the secretion of this gland tends to diminish carbohydrate tolerance. In the equilibrium of the body's metabolism of carbohydrate, thyroid secretion would rank on the side of adrenaline and against insulin. Hyperthyroid states have been found by many authors to be associated with a diminution of sugar tolerance and the reverse has been found in hypothyroid states. The position is not as clear-cut as these general statements might lead one to suppose, for in many cases of Graves' disease one finds neither a raised fasting blood-sugar nor glycosuria, nor is there an abnormal bloodsugar curve. This is so much the case that one author has been led to consider that 3Section of Therapeutics andcl Pharmacology diminution of tolerance occurs in these cases only when a greater or less degree of. exhaustion of the islet mechanism in the pancreas has been established. This seems rather an extreme view, considering the infrequency with whiclh true diabetes is associated with Graves' disease. In hypothyroid states also the clinical results are at variance. Whereas, on the usual view, increased tolerance to carbohydrate would be expected in these cases, there is often either normal or even diminished tolerance. Even in cretins completely normal blood-sugar curves may be obtained, e.g. a patient of the author's, aged 10 years, gave the following blood-sugar values after a dose of 30 grm. glucose fifteen hours after food 87, 85, 133, 125, 99 mgm. per 100 c.c. blood (half-hour intervals).
In the purely clinical method of approach hypotheses are unavoidable, and the necessity of retaining an intact subject prevents one frequently from performing any altogether satisfactory test for them. In the case of the thyroid one is happily frequently able to get clear evidence by comparing the state of carbohydrate tolerance before and after operative treatment of Graves' disease. Results thus obtained, when positive, seem uniformly to support the view that there is an antagonism between the thyroid and the mechanisms which are responsible for the maintenance of blood-sugar below abnormal levels. Experiments with animals leave no doubt that one consequence of such an antagonism is readily demonstrable, viz. more ready development of insulin convulsions with doses of insulin normally not producing convulsions. The hypersensitivity in this special sense-thus found is far less marked than that observed after removal of the adrenals or pituitary. The function of the adrenal medulla in relation to carbohydrate metabolism seems now to be as clear as anything may be in endocrinology. It is concerned both with a mobilization of glycogen from the liver and a mnobilization of lactic acid from muscle glycogen. Since lactic acid is readily re-synthesized in the liver to glycogen, the latter effect of adrenaline may reasonably be regarded as a gluconeogenesis contributing to the restoration of the lost hepatic glycogen. The power to recover from insulin hypoglycaemia is thus all the inore diminished after adrenalectomy by virtue of the double action of adrenaline.
For the demiionstration, in animals, of the adrenal response to various influences, a simple direct method was proposed which the author has found of use in lemonstrations to classes. The method consists in removing the right adrenal gland in cats and rabbits and allowing a period of from six to twelve months to elapse. After suchi a period the hypertrophy of the remaining gland is such that repeated direct punctures of the veins from the gland are readily carried out with little operative interference. The whole of the blood from the gland is first directed into the lumbo-adrenal vein by ligature of the other branch. Puncture is readily performed with a fine hypodermic and samples of 0 a c.c. of blood easily obtained, the puncture hole being then covered with a small piece of muscle. The blood (heparinized) is iirimediately transferred to a surviving intestine (rabbit) preparation and the presence of adrenaline detected in the usual way. Under deep ether the cat's adrenal is thus found to secrete practically no adrenaline. Using this method it was shown that immediately following decerebration through the upper pons or intravenous injection of 0 1 mgmlz. pilocarpine or 0. 1 mgm. histamine a very large secretion of adrenaline occurs. In hypoglycaemia the gland secretes adrenaline in considerable amounts. The intravenous injection of 4 mgm. thyroxine spread over a period of about two hours had no effect on renal secretion as shown by this method. It would thus appear that thyroxine is not directly a stimulus to adrenal secretion.
Experiments with tlhyroidectomized rabbits were described, showing that the iemoval of the gland from young rabbits (800 grm.) did not interfere with their subsequent growth. Such thyroidless rabbits show a failure to readjust blood-sugar during insulin hypoglycoemia and this is so marked in the starved animal that convulsions supervene. Since these animals possess no less liver glycogen than do Proceedings of the Royal Society of Medicie4 .normal litter-mate controls, the cause of the failure to readjust must be sought for either in the adrenal mechanism or in the sensitivity of the sympathetic fibres controlling glycogenolysis. That it is not due to a failure in the adrenal mechanism was demonstrated by testing heart blood before and during convulsions on a surviving intestine preparation, when an adequate secretion of adrenaline became evident immediately before and during convulsions. That there is probably an involvement of the nervous control of glycogenolysis was inferred from the fact that normal and thyroidectomized litter-mates show exactly the same degree of failure to recover from hypog1yeemia if treated with ergotamine before the insulin is injected, and the sensitivity of the latter is not increased by such preliminary treatment. The response of the fasting thyroidectomized rabbit to intravenous injection of small doses of adrenaline was found to differ from that of normal rabbits in that the increase of blood-sugar was less and the return to-normal level slower in the former. This was interpreted as indicating a diminished responsiveness of the sympathetic glycogenolytic apparatus in thyroidectomized animals and a similar sluggishness in the insulin-secreting mechanism.
A similar slowness of response to adrenaline was also found in respect of the glycogenolysis in the muscles of thyroidectomized rabbits, but here it consisted simply in a time lag, the actual maxima in blood lactic acid being of the same order as those found in normal controls.
From these considerations it was suggested that the thyroid gland is concerned with maintaining a state of tone in the sympathetic mechanism controlling glycogenolysis, and that its importance in the response of the organism to insulin lies in its keeping these mechanisms in a condition of sufficient sensitivity to the action of adrenaline, thus allowing of an easily instituted recovery phase in the blood-sugar curve after insulin.
